ABSTRACT: Optical ignition of solid energetic materials, which can rapidly release heat, gas, and thrust, is still challenging due to the limited light absorption and high ignition energy of typical energetic materials (e.g., aluminum, Al). Here, we demonstrated that the optical ignition and combustion properties of micron-sized Al particles were greatly enhanced by adding only 20 wt % of graphene oxide (GO). These enhancements are attributed to the optically activated disproportionation and oxidation reactions of GO, which release heat to initiate the oxidization of Al by air and generate gaseous products to reduce the agglomeration of the composites and promote the pressure rise during combustion. More importantly, compared to conventional additives such as metal oxides nanoparticles (e.g., WO 3 and Bi 2 O 3 ), GO has much lower density and therefore could improve energetic properties without sacrificing Al content. The results from Xe flash ignition and laser-based excitation experiments demonstrate that GO is an efficient additive to improve the energetic performance of micron-sized Al particles, enabling micron-sized Al to be ignited by optical activation and promoting the combustion of Al in air.
A luminum (Al), with high specific energy density (31 kJ/g) and earth abundance, is a widely used fuel in solid energetic materials to generate heat, gas, and thrust for applications ranging from space propulsion and pyrotechnics to microelectromechanical systems (MEMS). 1−3 Al-based energetic materials are typically ignited at a single point by a hotwire, flame, or spark. Recently, Al particles were optically ignited by a Xe flash tube, with ignition occurring across the illuminated area. 4, 5 In comparison to point ignition, areal ignition increases the heat release rate of Al. In addition, optical Xe flash ignition provides high heating rates, potentially changing the reaction dynamics of Al. 4 So far, optical Xe flash ignition has been achieved mainly for nanosized Al (n-Al) 4, 6 because n-Al has lower ignition temperature and therefore is easy to ignite and burn. 7 However, the application of n-Al is limited due to the concerns of high cost, safety issues, a large portion of dead mass, and the tendency to agglomerate. 8, 9 On the contrary, micron-sized Al (μ-Al) particles are widely used in practical applications, but they cannot be ignited by a lowenergy Xe flash due to poor light absorption properties and high ignition temperature. Recently, optical Xe flash ignition of μ-Al particles was realized by adding WO 3 nanoparticles (diameter: 80 nm), which enhances the light absorption of μ-Al composites and provides additional oxygen to oxidize μ-Al. 10 Nevertheless, such an enhancement requires the addition of a large mass percentage of WO 3 nanoparticles (∼60−80 wt %), which acts as a dead mass and hence reduces the energy density of μ-Al composites. 10 Therefore, it is of interest to enable the optical Xe flash ignition of μ-Al particles without adding much dead mass.
Graphene oxide (GO), in comparison to metal oxides (e.g., WO 3 ), is a more attractive additive to facilitate the optical ignition of μ-Al particles. GO provides multiple benefits to optical excitation of μ-Al particles, including the enhancement of optical absorption and heat release to facilitate Al oxidation, as well as the generation of gaseous products to reduce the agglomeration of combustion products such as Al 2 O 3 ( Figure  1a) . 11 First, the density of GO is ∼1.8 g/cm 3 , which is much lower than those of typical metal oxides (e.g., Bi 2 O 3 , 8.9 g/cm 3 ; WO 3 , 7.2 g/cm 3 ). This enables the μ-Al/GO composites to keep a high Al mass content and a high energy density. Second, GO can be optically excited by Xe flash and undergo exothermic disproportionation reaction, 12, 13 which produces reduced GO (rGO), gaseous products (CO 2 , H 2 O, etc.), and heat. 14−17 Moreover, the produced rGO is also flammable in air, which may also provide more heat and gases (CO 2 , etc.).
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We expect that the heat will initiate the exothermic oxidation reaction of μ-Al with air, 18, 19 which releases more heat to initiate exothermic reaction between μ-Al, rGO, and other gases. In fact, GO has been added to nitrocellulose to decrease the activation energy of optical ignition by a Nd:YAG laser and to increase its burning rate due to the increased specific surface area and light absorption of the composites. 20 Third, GO exhibits catalytic effects for nitromethane combustion by providing active sites to form and stabilize free radicals, leading to a lower ignition temperature and faster burning rate. 21 Finally, several reports have shown that adding GO or graphene to Al-based thermites either improves the dispersion of Al and interfacial contact between the Al and metal oxides or enhances the characteristics of the heterogeneous reactions, which increases the energy release and pressure generation. 22−26 These results demonstrate the promise of adding GO onto μ-Al particles for facilitating the optical ignition and improving combustion characteristics, such as heat and gas generation.
Herein, we show first our experimental investigation on the effect of GO addition on the optical Xe flash ignition and combustion properties of μ-Al particles (3.0−4.5 μm in average diameter) as a function of the mass percentage of GO. Our measurements showed that the minimum optical ignition energy of Al/GO composites was reduced by half when GO content was increased from 3 to 20 wt %. In addition, with only 20 wt % addition of GO, the Al/GO composites showed even better ignition and combustion performance than Al/Bi 2 O 3 and Al/WO 3 with more than 60 wt % of metal oxides. Additionally, the promoting effect of GO on the microsecond and millisecond time scale energy release from μ-Al was also demonstrated with the laser-induced air shock from energetic materials (LASEM) technique. Moreover, our reactive molecular dynamics (RMD) simulation (Figure 1b−d) revealed that the disproportionation and oxidation of GO promote the oxidation of Al particles in air ( Figure 1d ). All of these results confirm that GO is an effective additive to enhance the energetic performance of Al with optical activation.
RESULTS AND DISCUSSION
Thermal Analysis of Pure GO in Air and Inert Environment. As shown in Figure S1a ,b, GO undergoes disproportionation reaction at 200°C with ∼30% mass loss and ∼1.3 kJ/g heat release under both air and Ar. However, in air, GO is further oxidized at 500°C with ∼40% mass loss and a large heat release of ∼8.9 kJ/g ( Figure S1a ). Therefore, the thermal analysis confirms that GO can be initiated to release heat and gaseous products at low temperature, which will facilitate the oxidation of Al and reduce the agglomeration of Al 2 O 3 ( Figure 1a ).
Material Characterizations of the As-Prepared Al/GO Composites and Their Postcombustion Products. The scanning electron microscopy (SEM) images in Figure 2a −f show the morphologies of the as-received μ-Al particles, asreceived GO powders, as-prepared Al/GO (80/20 wt %) composites, and their postcombustion products after flash ignition in air. The as-received μ-Al particles are spherical and agglomerated (Figure 2a) , whereas the as-received GO powders have a sheet-like morphology with smooth surfaces (Figure 2b ). Their distinct difference in morphologies enables us to differentiate them in the as-prepared Al/GO sample shown in Figure 2c , where μ-Al particles are attached on the surface of GO with an overall good dispersion. An enlarged view in SEM shows that small pieces of GO are also wrapped around the surface of μ-Al particles (Figure 2d ). Transmission electron microscopy (TEM) images reveal more detail relations between the μ-Al particles and the GO sheet. As shown in Figure 2g , the spherical large μ-Al particles tend to attach to the large GO sheet with some of the small particles either completely wrapped inside the GO sheet or partially covered by smaller GO flakes (Figure 2h ). This suggests that the ultrasonic mixing method effectively breaks the Al agglomerates and forms the desirable intimate contact between GO and Al for Al oxidation. The postcombustion products of Al/GO (80/20 wt %) consist of mostly nanoparticles after fullpower Xe flash ignition in air (Figure 2e,f) . The nanoparticles should be mainly Al 2 O 3 , and this morphology is different from the products for Al ignited by conventional methods (e.g., spark), which are micron-sized clusters. 27 Such a difference in the morphology of combustion products suggests the different burning behaviors of μ-Al particles from spark, 4 possibly due to a combination of areal ignition, high heating rates of flash, and the gases produced by GO disproportionation and oxidation reactions which reduce the agglomeration of Al 2 O 3 . Those results were also supported with energy-dispersive X-ray spectroscopy (EDXS, Figure S2 Figure S5 ) also resemble that of the as-prepared samples (Figure 2c ). The results suggest that GO is not an effective oxidizer for Al without air. In the presence of air, the heat release from GO disproportionation and oxidation reactions can initiate Al reaction with air, which is highly exothermic and promotes GO reaction with Al to Al 4 C 3 . 28 The structural evolutions of GO before and after combustion in air and in He were further inspected by micro-Raman scanning microscopy. The resulting Raman spectra are plotted in Figure S6 . The ratio of D-band Figure 2j , and a larger ratio indicates more defects in GO. First, the I D /I G ratio for the as-received pure GO (before flash ignition) is 0.97, which is similar to that reported in previous works about the synthesis and characterization of GO, showing a fair quality of the as-received GO. 29, 30 The ratio after flash exposure is increased to 1.08 in air and 1.00 in He, suggesting that GO has undergone more structural changes in air. Second, the I D /I G ratio for the asprepared Al/GO (80/20 wt %) is nearly identical to that of the as-received GO, indicating that the synthesis process does not damage the structural integrity of GO. After Xe flash ignition of Al/GO in air, the I D /I G ratio of GO in combustion products is significantly increased to 1.63, which is higher than that of the Al/GO before flash ignition (0.96) and combustion products of GO after being ignited in air (1.08). This suggests that GO reacts more in the presence of Al, and more defects are generated. These defects could be attributed to structural damage of rGO at high temperatures, removal of O and C on the basal plane, and reactions between C and O or Al. Finally, after being flash ignited in He, the Al/GO composites show an increment of I D /I G ratio (1.02) similar to that of neat GO flash ignited in He (1.00), implying that GO undergoes only disproportionation but no oxidation with flash ignition in He, as also suggested by the above thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC), SEM, and XRD results.
Effect of GO Addition on the Flash Ignition of μ-Al Particles. The experimental setup of the flash ignition is illustrated in Figure 3a . For a typical experiment, 20 mg of sample was placed on a 1 mm thick glass slide on top of the Xe ring tube of a commercial flash unit (AlienBees B1600). The samples were packed to have a similar porosity of ∼81−83%. The radiant energy received per unit area of Al/GO powders from the Xe flash tube, which is defined as the flash ignition energy (J/cm 2 ), was previously calibrated by measuring the temperature increase of a soot-covered silicon substrate exposed to the same power of flash.
31,32 Figure 3b shows the high-speed camera images of the neat GO powders, μ-Al particles, and μ-Al/GO (97/3 wt %) and μ-Al/GO (80/20 wt %) composites upon exposure to a full-power flash (2.1 J/ cm 2 ). Under current experimental conditions, neat GO powders can react, but neat μ-Al particles cannot be ignited. With only 3 wt % of GO added into Al, we observed several sparks. When 20 wt % of GO was added to Al, the composite was ignited and burns much more violently than that of pure GO.
To quantify the effect of GO addition on the ignition of μ-Al particles, we measured the minimum flash ignition energy (E min ) using the same Xe flash lamp setup (Figure 3a ) and the aforementioned procedures for sample preparation. Instead of using the full power (E full , 2.1 J/cm 2 ), the power of the Xe flash lamp was gradually increased until ignition occurred, and the minimum radiant fluence was defined as the E min . The effect of GO addition on E min is also compared with that of WO 3 ( Figure 3c ) as WO 3 has been reported as an additive to reduce the E min for μ-Al particles in a similar setup. 10 A normalized minimum ignition energy (E min /E full ) is defined to compare the relative effects of GO addition as Al particles with an average size of 3.9 μm were used in our Al/GO samples, which is larger and hence harder to ignite than that of 2.3 μm Al particles that were used in Al/WO 3 composites. 10 Such a normalization also avoids the uncertainty from different flash tubes and different calibration methods of the flash radiant fluence. For Al/WO 3 , the ignitability limit ranges from ∼37 to 87 wt % of WO 3 (80 nm) for the given full power of the flash. Within this range, E min /E full first decreases and then increases with increasing mass content of WO 3 . The initial decrease of E min comes from the enhanced light absorption and added oxidant supply from WO 3 . The subsequent increase of E min is due to the increased dead mass of WO 3 . 10 For the optimal case, 68 wt % of WO 3 addition reduces E min /E full by about 18%. In comparison , the ignitability limit for Al/GO is much broader, ranging from ∼3 to 100 wt % of GO. Furthermore, within this range, E min /E full drops sharply to ∼44% with 30 wt % of GO, and it levels off with further increase of GO content. These results clearly demonstrate that GO is a much more effective additive for μ-Al particles than WO 3 nanoparticles to achieve enhanced flash ignition properties in terms of broader ignitability limits, lower minimum ignition energy, and higher Al content (lower dead mass).
Effect of GO Addition on the Pressure Evolution of the Combustion of μ-Al Particles. The combustion performance of Al/GO composites was quantified with dynamic pressure−time trace measured in a constant volume glass vial, as shown in Figure 3d . Such a test is commonly used to investigate the combustion progress of thermites. 32−35 In a typical test, 20 mg of Al/GO particles was loaded in a 20 mL glass vial, and the sample was packed into a tablet with a porosity of ∼86% at the bottom of the vial. The vial initially contained ambient air and was placed on top of the Xe flash ring tube. The samples were ignited by the Xe flash lamp at full power, and the dynamic pressure and light emission from combustion were recorded by a pressure transducer (603B1, Kistler Inc.). Three tests were taken for each type of sample to determine the average and error bars showing the range of the data. Some representative pressure−time traces are shown in Figure 3e , for which three parameters are defined to evaluate the combustion performance. The first parameter is the peak pressure, which is the maximum value of pressure recorded and is associated with the total heat release and gas generation during combustion. The second parameter is the pressure rise rate, which is the time derivative of the peak pressure and relates to the combined energy and gas release rate. The third parameter is the overpressure duration, which is the full width at half-maximum (fwhm) of the pressure peak and relates to the heat release or combustion duration.
As shown in Figure 3e , after Xe flash ignition, pure GO samples (2 and 4 mg) exhibit a rapid pressure increase due to the exothermic and gas generating disproportionation and oxidation reactions. The pressure rise became larger as the GO mass loading was doubled from 2 to 4 mg. A similar trend is also observed in the Al/GO (90/10 wt % and 80/20 wt %) composites. The compositions of these four samples tested and their combustion performance are summarized in Table 1 . The mass loadings (10 or 20 wt %) of the GO in the Al/GO composites are the same as those in the pure GO (2 or 4 mg) samples. For example, the Al/GO (80/20 wt %) and GO (4 mg) pressure traces show similar onset time, indicating that the disproportionation and oxidation of GO is the dominant reaction during the initial stage. Then, the Al/GO sample shows a higher peak pressure and longer overpressure duration, indicating that the oxidation of Al is triggered and becomes the main contributor to the heat release and pressure rise during the later stage. The same observation also applied to the case for the comparison between Al/GO (90/10 wt %) and GO (2 mg). The effects of GO mass percentage in the Al/GO composites on the peak pressure (left, black symbols) and pressure rise rate (right, red symbols) are summarized in Figure 3f . The peak pressure and pressure rise rate increase with the increase of the GO content from 5 to 20 wt %; however, these metrics start to decrease when the GO content was further increased to 30 wt %. This nonmonotonic trend can be attributed to the fact that while the disproportionation and oxidation of GO are exothermic and the reactions release gases, the subsequent oxidation of Al by air is the dominant reaction for heat release. Consequently, the optimal Al/GO composites with the best combustion metrics (80/20 wt %) have the GO content that is just sufficient as a sensitizer for light absorption enhancement and initiator for Al oxidation while maintaining a relatively high Al content for large heat release. To exclude the impact of different amounts of Al in the Al/GO composites, Figure S7 shows the replotted data normalized by the mass of Al in the composites from Figure  3f . As pronounced as shown in Figure S7 , the nonmonotonic trend still remains even after normalization. The results show that an optimal amount of GO addition exists for the enhancement of Al combustion performance. When the amount of GO exceeds a certain content, the agglomeration of GO and saturation of light absorption would instead limit its effect on further enhancing the ignition and combustion performance of μ-Al particles.
Comparison between of Al/GO and Al/Metal Oxide Thermites. It has been demonstrated above that GO is a better additive than WO 3 nanoparticles to enhance the flash ignition of μ-Al particles. Here, the addition of GO and metal oxides on the combustion behaviors of μ-Al particles (3.9 μm) are compared further via examinations of their pressure−time traces. Two typical metal oxides that are commonly used for thermites, Bi 2 O 3 (80−200 nm) and WO 3 (80 nm), were chosen for this purpose. Figure 4a −c shows the comparisons of the peak pressures, pressure rise rates, and overpressure durations as a function of Al weight percentage in these mixtures. For both Bi 2 O 3 and WO 3 , the mixtures are ignitable only when the Al content is below 50 wt %, whereas Al/GO composites become ignitable with 97 wt % of Al. If we assume that more efficient Al combustion is represented by a larger peak pressure, larger pressure rise rate, and a longer overpressure duration, the results in Figure 4 show that a relatively much lower content of GO addition as low as ∼20 wt % instead is much more effective than high content of metal oxide additions (70 wt %). The results further emphasize the superiority of GO over metal oxides as additives in μ-Al particles to enhance the combustion performance without sacrificing the Al content.
Effect of GO Addition on the Laser-Induced Shock Velocity and Laser-Induced Combustion of μ-Al Particles. The effect of GO addition on μ-Al particles was also evaluated via LASEM. A simplified schematic of the LASEM setup is shown in Figure 5a . Briefly, a pulsed Nd:YAG laser (Quantel Brilliant b, 6 ns, 1064 nm, 850 mJ) is focused just below the thin residue sample surface, ablating, ionizing, and exciting the sample, thus forming a high-temperature (>10000 K) microplasma that lasts for tens of microseconds. It is important to note that the optical absorption of the sample by the laser pulse under LASEM conditions is negligible; 36 rather, the focused laser pulse serves to efficiently (at a heating rate of ∼10 13 K/s) initiate high-temperature chemical reactions of the ablated material in the plasma. These chemical reactions are similar to those in the chemical reaction zone behind a detonation front during an explosion. The exothermic reactions of energetic materials in the laser-induced plasma region occurring within the first 10 μs can accelerate the resulting laser-induced shock wave. The expansion of the shock wave into the air above the sample is recorded with a typical Ztype schlieren imaging setup (dashed box in Figure 5a ) using a high-speed color camera. The positions of the laser-induced shock waves as a function of time were measured to determine the characteristic laser-induced shock velocity of each sample. Time-resolved optical emission from the laser-induced plasma and subsequent combustion reactions were collected with an infrared-sensitive photoreceiver. More details for the LASEM technique have been reported in previous works. 37−39 Following the short-lived emission from the laser-induced plasma (vertical red line near t = 0 ms in Figure 5b ), Al/GO (80/20 wt %) composites exhibit an optical emission much stronger than that of μ-Al, indicating an increase in the extent of the combustion reactions, as observed in the Xe flash ignition experiments. Moreover, the rate of millisecond time scale energy release is much faster for Al/GO than for μ-Al (peak combustion occurred at 1.2 and 12.7 ms, respectively), confirming that the addition of GO accelerates the oxidation of the Al during combustion reactions. As shown in images from the high-speed video (Figure S8 ), the GO combusts relatively rapidly (within the first few hundreds of microseconds). Al and/or AlO emission 40 from the laser-excited Al and Al/GO samples is also visible in the color video.
As the characteristic laser-induced shock velocities for inert materials are around 600 m/s, 38 the elevated shock velocities for pure Al and pure GO (Figure 5c ) demonstrate that both produce some exothermic reactions on the microsecond time scale (the former through partial oxidation reactions and the latter through disproportionation reactions). The characteristic laser-induced shock velocity of the Al/GO composite is significantly higher than that of either Al or GO. The disproportionation and oxidation of GO during the laser ablation process and/or in the subsequent laser-induced plasma thus appears to accelerate the oxidation of Al on the microsecond time scale, as well, which could prove beneficial for enhancement of the detonation performance of composite energetic materials containing Al. 39, 40 RMD Simulation of μ-Al Oxidation with GO Addition. RMD simulations were conducted to explore the effects of GO on the oxidation of μ-Al in air at the molecular level. To understand the detailed reaction mechanisms of the μ-Al surface and GO/O 2 mixture, we simulated two different systems: (1) preoxidized Al slab with GO addition, i.e., Al/GO ( Figure 6a) ; (2) preoxidized Al slab without GO addition, i.e., Al (Figure 6b ). After 180 ps (Figure 6c,d) , it was found that the oxidation of the Al slab was indeed enhanced with the presence of the GO sheets, and thus, the oxide layer became denser and thicker, in comparison with μ-Al only. Figure 6e ,f further clarifies the different growths of the oxide layer in Al/ GO and Al, respectively. To investigate the enhancement mechanisms, Figure 6g compares the potential energy drops of μ-Al with and without the GO addition. The potential energy of Al/GO decreased further when compared with that of pure Al, suggesting that more heat could be released with the existence of the GO sheets during the oxidation process. Such a higher amount of heat release could be attributed to the C− C bond breaking (dark yellow curve), C−O bond formation (blue curve), and more formation of Al−O bond (red curve), as shown in Figure 6h ,i. During our RMD simulation at 180 ps, the number of Al−C bonds (n = 69) was indeed negligible compared to that of Al−O bonds (n = 1716) (Figure 6h ). This is because we used a preoxidized Al slab model as a reactant for reactions of Al slab and O 2 molecules with and without GO sheets. As a result, the Al slab became less reactive, leading to the formation of a smaller number of Al−C bonds during the reaction. To study the effect of different initial conditions, we also simulated the same reaction process using a bare Al slab model. During this reaction process, both Al−O and Al−C bonds were unambiguously formed, as shown in Figure S9 , which could be potentially evolved toward two main products of Al 2 O 3 and Al 4 C 3 for long time scale RMD simulations over nanoseconds. As such, the trend in the postcombustion products from the RMD results are qualitatively consistent with our experiments (Figure 2i ).
Our RMD simulations reveal the following enhancing mechanisms of GO addition. First, the intact GO undergoes disproportionation and is then attached to the Al surface. Then, O 2 molecules preferably react with the attached GO, i.e., the oxidation of carbon, thus resulting in O 2 dissociation on the GO sheets. Finally, the O atoms diffuse into the subsurface of the Al slab and oxidize Al. The disproportionation of GO and its bonding to the Al surface were also confirmed by a small quantity of Al−C bond formation in the RMD snapshots in Figure 6a −f. In other words, GO exhibits the catalytic effects on the dissociation of oxygen molecules and provides a direct diffusion pathway for the dissociated O atom to reach and react with Al.
CONCLUSION
Graphene oxide has been experimentally demonstrated as an effective additive to enhance the optical ignition and combustion properties for μ-Al particles (3−4.5 μm). The results indicate that 3 wt % of GO addition is sufficient to enable the flash ignition of μ-Al particles, for which the normalized minimum ignition energy can be reduced to 44% with 30 wt % of GO addition. The results also show that 20 wt % of GO addition can optimally enhance the combustion performance after flash ignition. The Al/GO (80/20 wt %) composites are superior to the commonly used Al/nanosized metal oxide, in terms of higher Al content, lower minimum optical ignition energy, higher peak pressure, faster pressure rise, and longer overpressure duration during combustion. Similar enhancements were also observed from the microsecond and millisecond time scale energy release of Al/GO composites in LASEM experiments. The RMD simulation results further confirm that the addition of GO promotes the oxidation of μ-Al particles. The enhanced effects of GO can be attributed to the coupling heat release, catalytic effect, and gas generation. Therefore, the low molecular weight of GO can effectively advance the application of μ-Al particles as energetic materials via the form of Al/GO composites with the advantage of preserving higher Al content, reducing dead mass, and maintaining the high energy density.
METHODS
Synthesis of Al/GO Composites. Al/GO composites with different GO mass percentages were prepared by mechanical mixing. Mechanical mixing, also known as ultrasonic mixing, is a simple and low-cost method to prepare energetic composites. 41 Taking Al/GO (80/20 wt %) as an example, 20 mg of GO powders (99%, 0.55−1.2 nm in thickness, 0.5−3 μm in diameter, TimesNano) was sonicated in dimethylformamide (1 mg/mL) for 2 h, and 80 mg of Al particles (99.8%, 3.0−4.5 μm in diameter with an average of 3.9 μm, Alfa Aesar) was sonicated in a dimethylformamide and isopropyl alcohol solution (1:1 volume ratio, 10 mg/mL) for 15 min. Then, the two suspensions were mixed and sonicated for 1 h. The sonicated mixture was collected by filter paper (P4 grade, Fisherbrand), heated at 100°C for 1 h to vaporize the solvent residue, and fully dried in a vacuum desiccator overnight. The same procedure was used to prepare Al/GO with other GO mass percentages and control samples of Al/metal oxide mixtures, for which we used Bi 2 O 3 (80−200 nm, U.S. Research Nanomaterial Inc.) and WO 3 (80 nm, SkySpring Nanomaterials, Inc.).
Thermal Analysis of Pure GO. To investigate the disproportion and oxidation of GO, the mass change and heat flow of GO heated in both air and inert environment were investigated by TGA/DSC (Setaram Labsys Evo). For each test, 2 mg of sample powders was placed in a 100 μL alumina crucible. Samples were heated in either the air environment (40 sccm) or argon environment (40 sccm) from room temperature to 800°C at a heating rate of 10°C/min. For the inert environment test, the chamber was first flushed with argon (100 sccm) for 30 min to remove the residual oxygen. Before each test, the empty alumina crucible was first heated with the same process to correct the baseline of the heating process of the GO sample.
Porosity Control of Samples for Flash Ignition and Pressure Evolution Measurements. The porosity of the samples was controlled for the measurement of minimum flash ignition energy and pressure−time traces. We packed the powders in a cylindrical metal mold to control the porosity. The porosity is determined by
where V t is the total volume of the packed sample powders, and V Al and V GO or MO are the calculated volumes from their respective mass and density. TEM Specimen Preparation and Operations. The TEM specimens were prepared via a nanoparticle suspension technique by dispersing the Al/GO composites in acetonitrile onto the holey carbon film-coated TEM grid (Ted Pella). The TEM images were taken using a JEOL 2100F microscope operating at a 200 kV acceleration voltage.
RMD Simulation of Al/GO Composites. RMD simulations were performed with the reactive force field (ReaxFF).
42, 43 ReaxFF parameters for Al/C/H/O elements were taken from Hong and van Duin. 44 To efficiently simulate μ-Al oxidation with GO, two different models were used: first, Al nanoparticle with O 2 and GO mixture in the simulation domain of 210.0 Å × 210.0 Å × 210.0 Å (302564 atoms) was used to confirm that our model and force field could be reasonable to describe the reactions of the Al and GO/O 2 mixture (Figure 1b−d) . Then an Al slab with O 2 and GO mixture was used to efficiently simulate the reactions of μ-Al with GO in air. In our orthogonal simulation domain of 48.54 Å × 49. 47 Å × 155.0 Å, a bare Al slab model (3456 atoms) with 2500 O 2 molecules was preoxidized for 10 ps; after that, all the gas-phase species were removed, and the preoxidized Al slab was placed at the bottom of the simulation domain while the mixture of 32 GO sheets (corresponds to 20 wt %) and 2500 O 2 gas molecules were randomly distributed in the remaining vacuum layers. At the early stage of the oxidation process, the bare Al slab was too reactive to observe subtle effects of GO because the O molecules as well as GO sheets were too much preferably and simultaneously bound and dissociated on the bare Al slab. As such, we decided to use a preoxidized Al slab model, which could be less reactive when compared with the bare Al slab. The preoxidized Al slab model was taken from our RMD trajectory of the preoxidation of the bare Al slab at 10 ps ( Figure S10 ). The simulation domain was completely periodic in the x-and y-directions, whereas a wall boundary condition was applied to the z-direction. To control system temperatures during RMD simulations, the NVT ensemble with the Nose-Hoover 45, 46 thermostat was applied to the entire system. A relatively small time step of 0.25 fs was used to properly capture reaction processes during RMD simulations with a temperature damping constant of 25.0 fs. During the preoxidation process, the system temperatures were kept at 2000 K. In the subsequent simulations, the preoxidized Al slab was maintained at 1500 K, whereas other gas-phase molecules were controlled at 2500 K. In doing so, we could efficiently describe the reaction of the preoxidized Al slab and GO/O 2 mixture. 
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